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ShtengeTs  Important  results: 

Experimental  signatures  of  non-Abelian  artyons 

(i)  v=5/2  state  FQHE 

Perhaps  the  most  striking  signature  of  non-Abelian  statistics  of  anyons  in  the  v=5/2  fractional  quantum 
Hall  (FQH)  state  -  the  most  likely  FQH  state  to  host  such  quasiparticles  -  is  the  so-called  even-odd 
effect  predicted  for  quantum  interference  experiments  [A.  Stern,  B.  Halperin,  Phys.  Rev.  Lett.  96, 
016802  (2006),  P.  Bonderson,  A.  Kitaev  and  K.  Shtengel,  Phys.  Rev.  Lett.  96,  016803  (2006)].  Whether 
or  not  the  interference  occurs  depends  on  the  parity  of  Ising  anyons  inside  the  interference  loop.  While 
some  indications  of  this  effect  were  in  fact  seen  in  a  series  of  experiments  on  a  two  point  contact  FQH 
device  at  filling  v=5/2  and  reported  in  [R.  L.  Willett,  L.  N.  Pfeiffer  and  K.  W.  West,  PNAS  106,  8853 
(2009)  and  Phys.  Rev.  B  82,205301  (2010)],  the  experimental  data  had  been  too  noisy  to  convincingly 
rule  out  other  possibilities  and  quiet  the  critics.  In  order  to  better  understand  what  had  been  seen 
experimentally,  we  analyzed  several  plausible  scenarios  that  could  lead  to  observed  oscillations.  Such 
scenarios  essentially  could  correspond  to  one  of  the  two  possibilities:  the  device  may  function  as  a 
Fabry-Perot  interferometer,  in  which  case  the  oscillations  result  from  the  interference  of 
(fractionalized)  edge  quasiparticles  taking  two  possible  paths,  or  the  oscillations  may  result  from  the 
Coulomb  blockade-type  physics.  By  comparing  different  existing  models  of  the  v=5/2  state  (which  are 
not  all  non-Abelian!),  we  have  analyzed  several  possible  explanations  of  two  phenomena  reported  by 
Willett  and  coworkers,  namely  halving  of  the  period  of  the  observed  resistance  oscillations  with  rising 
temperature  and  alternation  between  the  same  two  observed  periods  at  low  temperatures  as  the  area  of 
the  interference  loop  is  varied  with  a  side  gate.  We  have  concluded  that  the  most  likely  explanation  is 
that  the  observed  alternation  is  due  to  switching  between  even  and  odd  numbers  of  charge  e/4 
quasiparticles  enclosed  within  the  loop  as  a  function  of  side  gate  voltage,  which  is  a  clear  signature  of  a 
non-Abelian  nature  of  the  state.  We  have  also  suggested  further  experiments  which  could  help  rule  out 
some  possible  scenarios.  Some  of  these  suggestions  are  being  implemented  by  the  experimentalists. 
Our  analysis  [W.  Bishara,  P.  Bonderson,  C.  Nayak,  K.  Shtengel,  J.  K.  Slingerland  ,  Phys.  Rev.  B  80, 
155303  (2009)]  was  published  as  “Editor's  suggestion”  and  was  selected  for  a  Viewpoint  commentary 
in  Physics  [J.  E.  Moore,  Physics  2,  82  (2009)]. 

As  a  closely  related  offshoot  of  the  previous  publication,  we  have  also  investigated  in  detail  what  are 
the  potential  experimental  signatures  of  the  Coulomb  blockade  effects  in  such  systems.  Our  conclusion, 
reported  in  [P  Bonderson,  C.  Nayak,  K.  Shtengel,  Phys.  Rev.  B  81,  165308  (2010),  Editor's 
suggestion],  is  that,  unlike  quasiparticle  interferometers,  the  Coulomb  blockaded  devices  are  much  less 


likely  to  provide  us  with  definitive  signatures  of  non- Abelian  nature  of  excitations. 

Concerning  the  interpretation  of  the  experiments  by  Willett  and  coworkers,  our  analysis  described 
above  did  not  address  one  very  important  concern:  the  stability  of  the  phase  of  the  reported  Aharonov- 
Bohm  oscillations  to  the  tunneling  of  neutral  quasiparticles  between  the  bulk  and  the  edge.  Naive 
estimates  can  lead  one  to  a  conclusion  that  such  tunneling  events  would  scramble  the  phase,  completely 
washing  out  the  oscillations.  This,  in  turn,  makes  one  wonder  why  any  oscillation  signal  has  been  seen 
at  all.  Addressing  this  question  in  [ D .  J.  Clarke  and  K.  Shtengel,  New  J.  Phys.  13,  055005  (2011)],  we 
offered  two  possible  mechanisms  for  stabilizing  the  phase  of  Aharonov-Bohm  oscillations:  a  quantum 
Zeno  effect  (a  stabilization  of  a  quantum  state  that  is  being  continuously  measured)  and  a  polarization 
of  a  qubit  due  to  its  interaction  with  the  edge.  We  have  argued  that  the  latter  mechanism  provides  a 
plausible  explanation  for  the  observations  made  by  Willett  and  coworkers. 

Finally,  in  [R.  L  Willett,  C.  Nayak,  K.  Shtengel,  L.  N.  Pfeiffer,  K.  W.  West,  Phys.  Rev.  Lett.  Ill,  186401 
(2013)]  we  revisited  the  earlier  interferometeric  setup,  this  time  focusing  on  the  periodicity  of 
Aharonov-Bohm  oscillations  as  a  function  of  both  the  side-gate  voltage  and  the  applied  magnetic  field. 
(Previous  studies  focused  on  the  oscillations  driven  by  side-gate  voltage  alone.)  We  predicted  a 
qualitative  difference  in  the  resistance  oscillations  with  magnetic  field  of  the  v=5/2  quantum  Hall  state, 
confined  to  an  interferometer,  depending  on  whether  this  state  is  Abelian  or  non-Abelian.  Specifically, 
an  Abelian  state  such  as  the  (3,3,1)  state  would  show  oscillations  with  the  same  period  as  seen  at  an 
integer  quantum  Hall  state.  However,  in  an  Ising-type  non-Abelian  state  there  would  be  a  rapid 
oscillation  associated  with  the  “even-odd  effect”  and  a  slower  one  associated  with  the  accumulated 
Abelian  phase  due  to  both  the  Aharonov-Bohm  effect  and  the  Abelian  part  of  the  quasiparticle  braiding 
statistics.  The  measurements  we  suggested  have  been  performed  by  R.  Willett  and  appear  to  be 
consistent  with  the  latter  scenario,  adding  confidence  to  the  expectation  that  the  observed  v=5/2  FQH 
state  is  indeed  non-Abelian. 

(ii)  Other  candidate  systems 

Several  other  systems  have  been  proposed  to  host  non-Abelian  anyons  of  the  Ising  type  -  i.e.  of  the 
type  expected  to  be  found  in  the  v=5/2  state.  While  it  has  been  understood  for  some  time  that  such 
anyons  -  Majorana  zero  modes  -  can  exist  in  vortex  cores  in  2D  chiral  /;-wave  superconductors  (SC), 
further  research  in  that  direction  was  hampered  by  the  lack  of  such  readily  available  superconductors. 
However,  following  the  prediction  and  subsequent  discovery  of  3D  topological  insulators,  it  was  found 
that  essentially  the  same  physics  can  be  realized  on  a  surface  of  such  an  insulator  in  proximity  to  an  s- 
wave  superconductor.  Another  modification  of  this  idea  suggested  by  the  Maryland  group  (as  a  part  of 
this  funded  effort)  is  replacing  a  topological  insulator  by  a  “sandwich”  structure  made  of  a  SC  with 
strong  spin-orbit  coupling  and  a  magnetic  insulator.  A  natural  question  then  arises:  how  do  we  detect 
non-Abelian  anyons  in  such  systems.  In  order  to  address  this  question  we  focused  on  developing 
experimental  probes  for  Majorana  modes  in  such  topological  superconductors  (intrinsic  or  artificial). 
Most  predicted  experimental  signatures  of  Majorana  zero  modes  such  as  a  zero-bias  tunneling  anomaly 
or  the  fractional  Josephson  effect  are  only  very  indirect  probes  of  their  non-Abelian  nature.  In  \C.- 
Y.Hou,  K.  Shtengel,  G.  Refael,  PM.  Goldbart,  New  J.  Phys.  14,  105005  (2012)]  we  proposed  an 
experiment  for  detecting  the  excess  entropy  of  Majorana  modes  which  accompany  vortices  in 
topological  SC.  Our  proposal  is  based  on  the  magneto-thermoelectric  effect  which  manifests  itself 
through  the  temperature  difference  between  two  opposite  edges  of  a  topological  superconductor  that 
results  from  the  motion  of  vortices  hosting  Majorana.  We  have  proposed  a  specific  setup  which  utilizes 
a  wide  Josephson  junction.  The  use  of  a  wide  junction  makes  the  predicted  Ettingshausen  effect  lie 


within  an  experimentally  accessible  range  of  parameters.  Our  work  not  only  offers  a  novel  route  to 
detection  of  Majorana  states  in  topological  superconductors,  it  aims  directly  at  probing  the  intrinsic 
entropy  associated  with  Majorana  zero-energy  modes  -  a  necessary  feature  for  their  non- Abelian 
statistics  -  hence  offering  a  glimpse  into  their  unconventional  nature. 

Finally,  in  order  to  develop  a  reliable  technique  for  measuring  the  electron  temperature  at  an  edge  of  a 
topological  superconductor  (an  important  experimental  parameter  for  any  potential  practical 
applications  of  chiral  edge  states  in  these  systems),  in  [ C.-Y.  Hou,  K.  Shtengel,  G.  Refael,  Phys.  Rev.  B 
88  075304  (2013)]  we  investigated  the  thermoelectric  effect  between  a  conducting  lead  and  a  Majorana 
edge  state.  We  confirmed  that  a  non-vanishing  thermopower  can  generically  exist  in  this  setting  (which 
was  not  obvious,  owing  to  the  particle-hole  symmetry  of  the  superconducting  edge  state)  and  verified 
the  Mott  formula,  which  is  instrumental  to  inferring  the  temperature  of  the  Majorana  edge  state  from 
measurements  of  the  differential  conductance  and  the  voltage  induced  by  the  temperature  difference 
between  the  conducting  lead  and  the  edge  state. 

Quantum  circuitry  for  topological  quantum  computation 

One  of  the  crucial  issues  being  faced  by  topological  quantum  computation  is  that  non-Abelian  anyons 
of  the  Ising  kind  appear  to  be  most  likely  realized  in  a  variety  of  physical  systems,  while  the  existence 
of  other  non-Abelian  anyons  in  the  experimentally  feasible  settings  appears  more  doubtful  at  this  point. 
Unfortunately,  braiding  and  measuring  Ising  anyons  alone  cannot  produce  a  computationally  universal 
gate  set.  Hence,  a  vital  open  problem  that  must  be  addressed  is  how  to  practically  achieve  universal 
quantum  computation  using  Ising  anyons.  We  first  focused  our  attention  on  the  v=5/2  FQH  setting  and 
put  forward  a  practical  proposal  in  which  a  topological  qubit  is  enclosed  in  a  “sack”  formed  by  a 
quantum  Hall  liquid  with  the  quantum  point  contact.  This  geometry  allows  for  the  interference  of  two 
paths  the  quasiprticles  may  take  around  the  qubit:  travelling  around  the  edge  of  the  sack  and  tunnelling 
through  the  QPC.  We  have  shown  that  by  controlling  the  tunnelling  transparency  of  the  QPC  one  can 
implement  arbitrary  single  qubit  phase  gates  for  Ising  anyons  [P.  Bonderson,  D.  J.  Clarke,  C.  Nayak 
andK.  Shtengel,  Phys.  Rev.  Lett.  104,  180505  (2010)].  Adding  such  gates  (in  particular  the  7t/8-phase 
gate)  to  the  Ising  gate  set  that  can  be  obtained  by  brading/measurement  techniques  makes  it 
computationally  universal. 

Building  on  this  idea,  we  also  came  up  with  a  conceptual  design  and  subsequent  analysis  of  the  phase 
gate  in  systems  with  topological  superconductivity  and  identified  both  advantages  and  shortcomings  in 
comparison  to  the  FQH  based  systems  [ D .  J.  Clarke  and  K.  Shtengel,  Phys.  Rev.  B  82,  180519  (2010), 
Editor's  Suggestion].  The  key  difference  between  these  two  cases  is  that  unlike  the  v=5/2  quantum  Hall 
setting,  in  the  case  of  topological  superconductors  the  non-Abelian  particles  are  electrically  neutral. 
This,  in  turn,  leads  to  both  new  challenges  and  some  benefits.  The  following  findings  are  of  particular 
interest:  (i)  The  error  rate  for  systems  with  neutral  Ising  anyons  (e.g.  topological  superconductors)  has 
been  found  to  be  inherently  lower  than  that  for  systems  in  which  the  anyons  carry  charge  (e.g.  quantum 
Hall  systems);  (ii)  We  proposed  to  use  interference  between  Josephson  vortices  to  effect  the  phase  gate, 
this  novel  idea  has  been  sicnce  picked  up  by  others  for  general  inferometry  purposes.  We  also 
proposed  a  practical  way  of  controlling  the  tunnelling  of  non-Abelian  quasiparticles  in  systems  based 
on  topological  superconductivity  where  standard  techniques  based  on  electrostatic  gating  would  not 
work. 


Engineering  novel  systems  with  non-Abelian  anyons 

Taking  a  cue  from  the  conceptual  designs  of  so-called  “Majorana  wires”,  we  have  introduced  a  device 
fabricated  from  conventional  fractional  quantum  Hall  states,  5-wave  superconductors  and  insulators 
with  strong  spin-orbit  coupling[D.  J.  Clarke,  J.  Alicea,  K.  ShtengeX,  Nat.  Cornmun.  4,  1348  (2013)]. 
Similarly  to  a  Majorana  wire,  the  ends  of  our  “quantum  wire”  would  bind  “parafennions”,  exotic  non- 
Abelian  anyons  which  can  be  viewed  as  fractionalized  Majorana  zero  modes.  These  modes  can  be 
experimentally  identified  (and  distinguished  from  Majoranas)  using  tunnelling  zero-bias  anomaly 
(combined  with  noise  measurements)  and/or  Josephson  measurements.  We  have  also  provided  a 
practical  recipe  for  braiding  parafennions  and  derived  their  non-Abelian  statistics.  Aside  from  the 
interesting  new  physics,  these  anyons  present  new  possibilities  for  quantum  information  processing  - 
they  allow  for  braiding-only  entangling  quantum  gates  which  are  not  possible  for  Ising  anyons  (e.g. 
unpaired  Majorana  modes). 

Build  upon  this  construction,  we  have  found  that  the  aforementioned  setup  can  be  much  simplified  in 
the  case  of  spin-unpolarized  FQH  states  such  as  2/3  or  2/5.  Moreover,  the  unusual  physics  associated 
with  zero  modes  in  these  systems  allows  us  to  design  such  exotic  circuit  elements  as  current  mirrors 
and  DC  transformers. 

Another  extremely  exciting  possibility,  which  builds  on  the  above  occurs  when  a  network  of 
judiciously  patterned  “trenches”  —  hosting  the  aforementioned  parafermionic  zero  modes  —  is  created 
in  such  a  way  that  these  zero  modes  interact  with  one  another.  We  have  found  that  the  system  can  be 
driven  into  a  stable  2D  “Fibonacci  phase”  \R.S.K.  Mong  et  al,  arXiv:  1307.4403,  to  appear  in  Phys. 
Rev.  X],  The  non-Abelian  particles  in  this  phase  are  Fibonacci  anyons  whose  remarkable  feature  is 
their  computational  universality.  The  ability  to  braid  Fibonacci  anyons  and  to  measure  them  is 
sufficient  to  perform  any  desired  quantum  computation  in  a  completely  protected  manner. 


Nayak’s  Important  results: 

“Numerical  Calculation  of  the  Neutral  Fennion  Gap  at  v=5/2”,  Parsa  Bonderson,  Adrian  E.  Feiguin, 
ChetanNayak,  Phys.  Rev.  Lett.  106,  186802  (2011). 

The  5/2  quantum  Hall  state  is  often  viewed  as  a  quantum  Hall  analogue  of  a  chiral  p-wave 
superconductor,  and  this  analogy  lies  at  the  heart  of  research  that  seeks  to  use  these  states  for 
topological  quantum  information.  However,  this  analogy  begs  the  previously  unanswered  question: 
what  is  the  superconducting  gap  in  the  5/2  quantum  Hall  state?  In  this  paper,  we  gave  the  first 
calculation  of  this  gap,  which  is  relevant  to  the  error  rate  for  topological  qubits  in  the  5/2  state. 


“Projective  Ribbon  Pennutation  Statistics:  a  Remnant  of  non-Abelian  Braiding  in  Higher  Dimensions”, 
Michael  Freedman,  Matthew  B.  Hastings,  Chetan  Nayak,  Xiao-Liang  Qi,  Kevin  Walker,  Zhenghan 
Wang,  Phys.  Rev.  B  83,  115132  (2011). 

“Weakly-Coupled  non-Abelian  Anyons  in  Three  Dimensions”,  Michael  Freedman,  Matthew  B. 
Hastings,  Chetan  Nayak,  Xiao-Liang  Qi,  Phys.  Rev.  B  84,  245119  (2011). 

In  these  papers,  we  analyzed  the  possibility  of  Ising-type  non-Abelian  anyons  in  three  dimensions, 
following  a  suggestion  of  Jeffrey  Teo  and  Charlie  Kane.  We  showed  that  certain  types  of  solitons  in 
three-dimensional  ordered  media  could  support  an  analogue  of  non-Abelian  statistics  due  to  their 


extended  nature  whose  topology  is  governed  by  the  ribbon  permutation  group. 


“Majorana  Zero  Modes  in  ID  Quantum  Wires  Without  Long-Ranged  Superconducting  Order”,  Lukasz 
Fidkowski,  Roman  M.  Lutchyn,  ChetanNayak,  Matthew  RA.  Fisher,  Phys.  Rev.  B  84,  195436  (2011). 

In  this  paper,  we  showed  that  Majorana  zero  modes  can  occur  even  in  systems  that  do  not  have  long- 
ranged  superconducting  order.  Algebraically-decaying  order  is  sufficient,  which  means  that  a  bulk  3D 
superconductor  is  not  necessary  for  the  observation  of  Majorana  zero  modes  in  nanowires.  Coating  the 
nanowire  with  a  film  (which  is  possible  with  MBE  growth)  is  expected  to  lead  to  such  order,  and  this 
result  encourages  exploration  in  this  direction. 


“Magnetic  and  Superconducting  Ordering  at  LaA103/SrTi03  Interfaces”,  Lukasz  Fidkowski,  Hong- 
Chen  Jiang,  Roman  M.  Lutchyn,  Chetan  Nayak,  Phys.  Rev.  B  87,  014436  (2013). 

In  this  paper,  we  constructed  a  model  of  the  conducting  state  at  the  LAO/STO  interface  that  explains 
both  magnetic  and  superconducting  order.  This  model  predicts  that  Majorana  zero  modes  can  occur  in 
nanowires  “drawn”  with  an  atomic  force  microscope  tip. 


“Majorana  Zero  Modes  in  Semiconductor  Nanowires  in  Contact  with  Higher- Tc  Superconductors”, 
Younghyun  Kim,  Jennifer  Cano,  Chetan  Nayak,  Phys.  Rev.  B  86,  235429  (2012). 

In  this  paper,  we  showed  that  cuprate  and,  especially,  pnictide  superconductors  can  help  stabilize 
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